Long-period electromagnetic response must be estimated to derive information on the electrical conductivity distribution within the deep mantle of the Earth. For this, we estimated the electromagnetic response function for long-period geomagnetic variations, on the basis of the P 1 approximation. The data used for analyses are geomagnetic daily mean values for 10 years (1965)(1966)(1967)(1968)(1969)(1970)(1971)(1972)(1973)(1974)) from 59 stations distributed over the globe and for about 20 years ) from 9 stations. It turned out that the P 1 approximation generally holds except for the periods corresponding to annual and semi-annual variations. We also found that accurate estimation is difficult for periods longer than a few years, probably because of contamination due to secular variations of core origin.
Introduction
Time variations of the magnetic field originating outside the Earth induce electric currents inside the Earth, which in turn create the magnetic field observable outside the Earth. By separating these magnetic fields of internal and external origins we can estimate the electromagnetic response of the Earth. The response is usually measured as the ratio of internal to external parts, and it depends on the source of external magnetic field and the electrical conductivity distribution in the Earth.
Sources of magnetic variations of external origin are in the electric current systems in the Earth's magnetosphere and ionosphere. Most of long-period variations are generated by fluctuations in the ring current system located at about 3 ∼ 4 Earth's radii from the Earth's center. Since the current system is far from the Earth's surface, the magnetic field arising from such a current system is well represented by a zonal spherical harmonic constituent of degree one.
The appropriateness for such representation has so far been examined. In fact, Banks (1969) made analyses for frequencies in the range 3×10 −3 to 2.5×10 −1 cycle/day and showed that time variations of the magnetic field of external origin are mainly due to fluctuations of the ring current system. He then concluded that a single constituent of spherical harmonics, P 1 , can well represent the geomagnetic variations, except for the annual variation, for which a P 2 spherical harmonic constituent is appropriate. In the meantime, Schultz and Larsen (1983) examined the geomagnetic daily mean data from 76 stations and concluded that representation in terms of a P 1 spherical harmonic constituent holds good for frequencies ranging from 0.01 to 0.2 cycle/day, although it does not for higher frequencies. On the other hand, McLeod (1994) analyzed first differences of monthly mean data and made Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
spherical harmonic analysis up to degree and order three. He concluded that the magnetic field of external origin is expressed by zonal spherical harmonics; primarily P 1 for the continuous spectrum, primarily P 2 for the annual variation (∼2.74 × 10 −3 cycle/day), and primarily P 1 and secondarily P 3 for the semi-annual variation (∼5.48 × 10 −3 cycle/day). The electrical conductivity distribution in the mantle can be derived from the electromagnetic response function which is estimated through such analyses. Banks (1969 Banks ( , 1972 proposed a model for depths down to 2000 km. Achache et al. (1981) claimed that a model proposed by Ducruix et al. (1980) is better than that of Banks, comparing the response functions computed for respective models. Constable (1993) took an average of response functions obtained by Roberts (1984) and Schultz and Larsen (1987) , at periods between 10 5 -10 7 seconds (8.64 × 10 −3 ∼ 8.64 × 10 −1 cycle/day), and estimated the electrical conductivity structure of the mantle. McLeod (1994) obtained a response function for periods ranging from 2 months (∼1.64 × 10 −2 cycle/day) to 2 years (∼1.37 × 10 −3 cycle/day) and found that it is consistent with an electrical conductivity model which indicates a conductivity value of about 10 S/m at the core-mantle boundary.
The value of 10 S/m at the core-mantle boundary is consistent with the result of laboratory measurements made by Shankland et al. (1993) . They found that the electrical conductivity depends weakly on the temperature, the pressure and the composition, as far as the conditions appropriate for the lower mantle are considered. However, models of electrical conductivity distribution in the mantle are still controversial. As Achache et al. (1981) claimed, it is still a basic requirement to accurately determine the response function at long periods, particularly at periods of a few years. In this paper, we show the results of our analyses of long-period daily mean data at observatories over the globe, aiming at deriving the response function as accurately as possible. 
P 1 Approximation
The magnetic potential outside the Earth satisfies
and its solution can be written, in spherical coordinates (r, θ, φ) , as = a 
If the magnetic potential can be approximated only by the term of degree 1 and order 0, Y 0 1 = P 1 (cos θ), where P 1 is a Legendre function, the horizontal and the vertical components of the magnetic field can be written as
Hereafter we treat this case as the P 1 approximation. The response function, i 0 1 /e 0 1 , for the P 1 approximation is then given as i
in terms of the X and Z components.
Data Analysis
We first used daily mean data for 10 years (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) ) from 59 stations distributed over the globe. These data were selected under some criteria. First, long time-series data are required to examine low frequency variations. Second, simultaneous data from many stations are required to make global analyses. Third, station locations should be distributed as uniformly as possible over the Earth. Locations of stations considered in this paper are given in Table 1 , and their distribution is shown in Fig. 1 . Unfortunately, the third requirement is by no means satisfied as is evident by no entry from good stations existing in Australia, because of more emphasis on the other two requirements, which are more important in the present study.
We first made corrections and interpolations to the daily mean data. When some data points in time series data are largely different from their neighbor values, we regarded them as due to errors of some sort or severe geomagnetic disturbances, and we replaced them with the linearly interpolated values. When some portions of data are lacking, we interpolated them in the same way. However, the data with missing points for more than two months were rejected.
We then transformed the magnetic data sets consisting of the X , Y and Z components in geographic coordinates into those in geomagnetic coordinates, because the P 1 approximation holds for the geomagnetic coordinates. Since time series data covering 1965-1974 are used, the geomagnetic pole was determined from DGRF 1970, in which the Gauss coefficients are given as g 0 1 = −30220 nT, g 1 1 = −2068 nT, and h 1 1 = 5737 nT. In the P 1 approximation, the Y component of the geomagnetic field should be very small. Hereafter we regard the X component as the horizontal component of the magnetic field.
We first removed a linear trend from time series data, and then applied a low-pass filter to the time series data to cut variations of periods shorter than 24 days which are more vulnerable to effects of lateral conductivity variations at shallow depth, such as highly conducting seas.
We next applied FFT to the data thus processed to estimate a response function i 0 1 /e 0 1 in the frequency domain. It turned out, however, that error estimates are so large that a certain robust method must be used. Here we applied a remote reference method as follows. The observed horizontal field at a station, consisting of a signal H 1 and a noise N 1 , is conventionally related to the observed horizontal field at another station, also consisting of a signal H 2 and a noise N 2 , as
where f is a frequency. A ( f ) is regarded as an approximate estimate of a frequency response function A( f ), which is equal to A ( f ) in Eq. (6) only when N 1 = N 2 = 0. By multiplying a complex conjugate of the observed horizontal field consisting of a signal H 3 and a noise N 3 at a remote reference point, H * 3 + N * 3 , to both sides of Eq. (6) and by taking an average, we have
where
, for example, is the cross spectrum between H 1 and H 3 . All the other terms vanish if the noises, N 1 , N 2 , N 3 , are all independent of each other and also of the signals, H 1 , H 2 , H 3 . Thus we obtain
A ( f ) in Eq. (8) turns out to be identical to the response function A( f ). Similarly, a frequency response function for the vertical field, B( f ), can be derived as
We can select H 2 and H 3 at any stations if noises are independent, but it is certainly better that noises in H 2 and H 3 are all small. We selected the horizontal field data at DAL (Dallas) as H 2 and those at HAD (Hartland) as H 3 , because the data quality seems good at these stations. and P 1 + P 2 + P 3 distributions, respectively.
Appropriateness of the P 1 Approximation
The dependence of the horizontal and the vertical fields on the geomagnetic latitude is shown in Figs. 2-5 for four frequencies. Solid curves in respective figures indicate leastsquare fitting to P 1 ; in this case, X (or A) and Z (or B) components should be represented by sin θ and cos θ , respectively. It should be noted here that A( f ) and B( f ) at high latitudes, θ < π/6 and 5π/6 < θ in the geomagnetic coordinates, are not used for fitting to P 1 , since the P 1 approximation is not appropriate there because of the effect of the local current system in the auroral zone.
It turned out that the P 1 approximation holds fairly good for most of the frequencies, as shown for example in Figs. 2 and 3. Exceptional cases are the distributions for the frequencies close to semi-annual and annual variations, as shown in Figs. 4 and 5. Currie (1966) pointed out that the annual and the semiannual variations are generated by different mechanisms. Banks (1969) found that the annual variation is well represented by a P 2 spherical harmonic constituent. They both presumed that ionospheric dynamo action would be responsible for the annual variation. On the other hand, Malin and Işıkara (1976) pointed out that the annual variation is not due to the ionospheric current generated by dynamo action in the ionosphere, but due to north-south shift of the location of the ring current in the magnetosphere. According to McLeod (1994) , the annual variation is primarily represented by P 2 , and the semi-annual variation primarily by P 1 and P 3 ; the P 2 and P 3 constituents are regarded as due to the ionospheric current system. In fact, the distributions of A and B shown in Fig. 4 for the frequency near the semi-annual variation cannot be well represented by P 1 only, even if scatter of data is taken into account. They are represented rather by the combination of P 1 and P 3 or by the combination of P 1 , P 2 and P 3 as shown in Fig. 6 . Which one of these combinations is better cannot be judged from the present data, but the contribution of both the P 1 and P 3 constituents is evident in Figs. 4 and 6 ; this is consistent with the claim of McLeod (1994) . Figure 5 also indicates that the annual variation cannot be represented by P 1 only. The distributions of A and B are better represented by P 2 or by the combination of P 1 and P 2 as shown in Fig. 7 . The contribution of P 1 in the latter case is not marked and it may be an artifact due to noises.
In any case, we should exclude the semi-annual and annual variations for our further analyses based on the P 1 approximation. We can derive the response function i 
The resultant real and imaginary parts of response function are shown in Fig. 8 . At high frequencies, they are estimates averaged over some frequency bands. Because of data scatter indicated for example in Figs. 2-5, error bars of the response function are large in spite of the data set covering 10 years at 59 stations. In order to increase the reliability, particularly at low frequencies, we further made analyses of geomagnetic field data covering a longer period at a limited number of stations and applied a Fig. 7 . Dependence of A( f ) and B( f ) on the geomagnetic latitudes for 2.727 × 10 −3 cycle/day. The broken and solid curves denote the best fitted P 2 and P 1 + P 2 distributions, respectively. robust estimation, as described in the next section.
Response Function
Based on the P 1 approximation justified in the previous section, we analyze daily mean values covering about 20 years from 1960 to 1980. Continuous data are obviously required for our present purpose, but only some of the stations can provide such a long sequence of data without any gaps. Inspection of Figs. 2-5 suggests that the data at some stations, which deviate from the overall distribution, might be noisy and hence responsible for large error bars of the response function estimates. We therefore selected only nine stations; they are ALM (Almeria), AQU (L'Aquila), FRD (Frederichsburg), FUR (Fürstenfeldbruck), IRT (Irkutsk), KAK (Kakioka), MOS (Moscow), WIK (Wien-Kobenzl), and WNG (Wingst).
The method of data analysis is basically the same as described in the previous section except for the remote reference method. Since we found that the horizontal component is of better quality and hence contains little noise, we may write the relation between H 1 and Z 1 at a station as
We then obtain a frequency response function A Z H ( f ) as
using H 2 ( f ) at another station regarded as a reference station.
Then the response function can be obtained as
In order to increase the reliability for the response function estimates, we select only A Z H ( f )'s that satisfy the following theoretically required relations, (14) for respective frequencies. We then apply the Tukey's biweight estimate for a robust estimate (Tukey, 1974) , which is simply explained as follows. Instead of a usual weight,
i is the deviation of errors for the i'th datum, we used an effective weight
where z i = v i /σ i ; v i is the i'th residual and s the median of a set of |z i |. A constant c is changed according to Nakagawa and Oyanagi (1982) ; c = 6 for s ≤ 5 c = 10 for 5 < s ≤ 100 c = 20 for 100 < s.
This implies that less distinction is made between the data at the first stage of fitting, and sharp distinction is made at the final stage. Figure 9 shows the response function thus derived, and Table 2 gives the values of Re(i and 5 × 10 −4 cycle/day did not satisfy the criterion (14) and hence they are not shown. We already noticed that the P 1 approximation is appropriate for most of the frequencies except for those corresponding to the semi-annual and the annual variations. In fact, the i 0 1 /e 0 1 values at frequencies near 5.6 × 10 −3 cycle/day (the semi-annual variation) deviate from the overall trend. Also, less marked deviation is seen for frequencies near the annual variation. At frequencies lower than 10 −3 cycle/day, the i 0 1 /e 0 1 values seem to start to deviate from the extrapolated trend. We ascribe this as due to the effect of secular variations originating in the core.
Discussion
We have so far attempted to derive the electromagnetic response function for the Earth, from a set of long sequence of geomagnetic daily mean data, on the basis of the P 1 approximation. For discussion, we should first review the related studies. Banks (1969) estimated the response function for frequencies ranging from 3 × 10 −3 to 2.5 × 10 −1 cycle/day. These data are shown with some other data in Banks (1972) . Roberts (1984) obtained single-site estimates of the response function at 18 observatories for the periods of 2-200 days (5 × 10 −3 ∼ 5 × 10 −1 cycle/day), and pointed out that the responses at different stations are significantly different. This was ascribed to the effect of highly conducting oceans. Schultz and Larsen (1987) estimated a response function (Z /H ) and claimed that there must be lateral heterogeneity in the electrical conductivity at the depth of mid-mantle. Constable (1993) combined all these results, and considered a global response function, which is sensitive to the average radial electrical conductivity structure of the mantle. He then estimated the conductivity distribution of the mantle between 200 km and 2000 km depth from the response function for periods ranging from 3.25 days (3.08 × 10 −1 cycle/day) to 103 days (9.71 × 10 −3 cycle/day). In the meantime, McLeod (1992) analyzed first differences of annual mean data from 73 stations and found that the derived response for a 2-year period is consistent with a nearly insulating mantle underlain by a highly conducting core. McLeod (1994) analyzed first differences of monthly mean data from the same data source as in McLeod (1992) . The response function for periods ranging from 2 months (∼1.64×10
−2 cycle/day) to 2 years (∼1.37×10 −3 cycle/day) in McLeod (1994) agrees with that in Constable (1993) at the corresponding frequencies.
Now we compare the response function estimated in this paper with the others. We show all these response functions in Fig. 10 ; blue for Banks (1969 Banks ( , 1972 , green for Constable (1993 ), red for McLeod (1994 , and black for this paper.
At frequencies higher than about 5 × 10 −2 cycle/day, systematic discrepancy is seen between the response functions derived by Banks (1969) and Constable (1993) . As Banks (1972) pointed out, the imaginary part of response function should theoretically be positive. Since we applied a low-pass filter to cut frequencies higher than 1/24 cycle/day, we cannot say anything about the discrepancy. We only point out here that the response function derived in this paper agrees very well with that of Constable (1993) for the overlapping frequencies ranging from 1 × 10 −2 to 4 × 10 −2 cycle/day. The response function of McLeod (1994) at lower frequencies agrees well with that in this paper, particularly for its real −3 cycle/day in this paper and that for 1.37×10 −3 cycle/day in McLeod (1994) , but the latter is within the error range in this paper. The discrepancy between the response function estimates corresponding to the semi-annual varia-tion (∼5.5 × 10 −3 cycle/day) in this paper and in McLeod (1994) is obviously due to the P 1 approximation on which we relied in this paper. Malin et al. (1996) also pointed out that the response function for the semi-annual variation based on the P 1 approximation is misleading. The P 1 approximation also does not hold for the frequency corresponding to the annual variation, as clearly shown in Fig. 5 . Nonetheless the response functions for the annual variation in this study and in McLeod (1994) agree with each other.
For frequencies lower than about 10 −3 cycle/day, the effect of secular variations seems to appear. We therefore cannot rely on the response function, used throughout this paper, for such frequencies to estimate electrical conductivity distribution of the deep lower mantle. However, this information may be useful in that any whole mantle conductivity models should allow the core field of a period of one year or so to penetrate through the mantle to the Earth's surface, although a core field model of some sort would be required for this argument.
We finally consider some mantle conductivity models estimated so far, as shown in Fig. 11 ; blue for Banks (1969) , purple for Ducruix et al. (1980) , brown for Achache et al. (1981) , green for Constable (1993) , and red for McLeod (1994) . In Fig. 11 we show, with the corresponding colors, the response functions computed for these models. These response functions can be classified into two groups; one is for Ducruix et al. and Achache et al. , and the other for Banks, Constable, and McLeod. The significant difference between the two stems from the electrical conductivity at radii between 4000 km and 5000 km. The conductivity values at this depth range are higher than 10 S/m in the former group, whereas in the latter they are in the range between 1 and 3 S/m.
Comparing these response functions with that derived in this study as shown in black in Fig. 11 , we may claim that the electrical conductivity at radii between 4000 km and 5000 km would be in the range between 1 and 3 S/m. This conductivity range is consistent with the result of laboratory measurements of Shankland et al. (1993) . In order to estimate a more plausible electrical conductivity distribution in the mantle, an inverse method should be applied to the derived response function.
Conclusions
We analyzed daily means of geomagnetic field covering 10 years (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) ) from 59 stations distributed over the globe. Dependence of frequency response functions, A( f ) and B( f ), on the geomagnetic latitudes shows that the P 1 spherical harmonic constituent generally describes time variations of geomagnetic field of external origin with exceptions for the semi-annual and the annual variations.
We further analyzed geomagnetic daily mean data covering more than 20 years ) from 9 stations, based on the P 1 approximation which was generally verified. Applying a robust estimation method, we derived an electromagnetic response function for the Earth. The response function thus derived is consistent with those of Constable (1993) and McLeod (1994) . We also found that the response function for frequencies lower than about 10 −3 cycle/day deviate from the extrapolated trend, probably due to contamination by the effect of secular variation arising from dynamo action in the Earth's core. With these limitations in mind, the derived response function can be used to estimate the radial electrical conductivity distribution of the whole mantle.
